Piezostacks are capable of producing very large forces, but they provide only limited displacements. Thus, the displacement amplification mechanism is necessary to make those actuators more efficient and useful. For this purpose, a two-bridge-type flexure hinge mechanisms in series in a three-dimensional structure is proposed in this study. To show the validity of the proposed mechanism, the kinematic analysis is carried out by a matrix method and by a finite element method, and then the amplification ratio derived from both methods were compared with the simple geometric ratio, which is an order of magnitude too high. Along with this analysis, displacement and frequency experiments are also performed to verify the analysis results. The displacement errors between the matrix analysis results and experimental ones are within 10%. This indicates that the deformation of the flexure hinge in the parasitic direction should be considered for more exact estimation of amplification ratio of the bridge-type hinge mechanism. At last, the performance of this actuator is analyzed using the matrix model with respect to design parameters. The results show that the performance of a piezoactuator can be improved with the optimization of hinge parameters for each application requirement.
I. INTRODUCTION
Commercial multilayer piezoactuators, in other words, piezostacks, have a limited deformation range of about 10 m per centimeter, and thus a flexure hinge is often used to amplify the small displacement of a piezostack in many applications. A flexure hinge has the strengths of no backlash, not requiring lubrication, and a compact structural design compared with other mechanical motion-transfer devices such as gears or pin joints.
Generally, a simple lever rule can be used to estimate the amplification ratio of a hinge mechanism. The lever rule is very simple, but shows large errors in real systems, a factor of 10 in this example. Although finite element method ͑FEM͒ software gives almost the same results as a real system, it requires an elaborate and time-consuming analysis procedure. For this reason, many studies have been conducted to model and analyze hinge mechanisms.
In 1965, Paros 1 established a basis for the modeling of a flexure hinge. Since Paros's work, many other modeling and analysis methods [2] [3] [4] [5] [6] have been presented and derived. Smith 2 and Lobontiu 3 derived the compliance of an elliptical and corner-filleted hinge. Furukawa 4 developed a twodimensional bridge-type hinge mechanism. Ryu 6 developed a modeling method based on the matrix method, which is applicable to general flexure hinge mechanisms. This method regards the flexure hinge as a six degree-of-freedom spring element; thus, it can be used in three-dimensional structures. Ryu 6 applied the matrix method to a two-dimensional levertype mechanism and reported error within 10% compared with experimental results. In this research, we develop a three-dimensional flexure hinge mechanism that can be used as a longitudinal directional linear actuator for precision stages. A bridge-type amplification structure is adopted to reduce the overall size of the actuator. The matrix method is used to derive the equation of motion for the hinge mechanism. To verify the modeling results, displacement, and frequency experiments are performed.
II. THREE-DIMENSIONAL BRIDGE-TYPE HINGE MECHANISM
A. Bridge-type flexure hinge mechanism Generally, displacement-amplification mechanisms can be divided into two classes. 7 One is a lever-type flexure hinge mechanism, as shown in Fig. 1͑a͒ . In lever-type devices the amplification ratio depends on the ratio of distances between pivots, and high transverse link stiffness is required. It needs a relatively small number of flexure pivots, but the link size and hinge deformation are proportional to the amplification ratio, and hence, high efficiency is hard to achieve.
The other is a bridge-type flexure hinge mechanism as shown in Fig. 1͑b͒ . The bridge-type flexure hinge mechanism needs high rigidity of link in the longitudinal direction. It is relatively easy to design in compact and symmetric structure, but more flexure hinges are required than in lever-type mechanisms.
In this study, a bridge-type hinge mechanism is developed in three-dimensional structure. structure of the three-dimensional hinge mechanism. This mechanism consists of two bridge mechanisms as shown in Fig. 3 . Two bridges are connected vertically in threedimensional space symmetrically. The symmetric structure reduces negative effect due to temperature changes. It has high amplification ratio in small size, so it is suitable to miniaturization and fast motion. In this mechanism, the connection between two bridges should be solid so as not to produce displacement error.
B. Modeling of flexure hinge mechanism using matrix method
The flexure hinge mechanism consists of rigid links and flexure hinges. In general, radial, elliptical, and cornerfilleted shapes are used in hinge profiles. Radial hinges are popular because they are easy to fabricate from conventional drilling processes. However, recently corner-filleted hinges have often been used in displacement amplifiers because they are more flexible than right-circular hinges of the same size.
In this study, a right-angle hinge, a corner-filleted hinge with a very small fillet, is used because the main purpose of the hinge mechanism is to amplify input displacement. Figure 4 shows the coordinate system of the right-angle hinge.
Assuming a hinge as a six degree-of-freedom spring element, the hinge compliance equation is as follows:
where Xϭ͓⌬x ⌬y ⌬z ⌬␣ ⌬␤ ⌬␥͔ T ,
In Eq. ͑1͒, the subscript h represents the hinge coordinate system and the compliance matrix of the right-angle hinge is derived from beam theory as follows: 
In Eq. ͑2͒, E is the elastic modulus, G is the shear modulus of hinge material, and k 2 is a geometrical constant determined by b/t. 8 The stiffness matrix of the hinge is obtained by the inverse of the compliance matrix as follows:
If R k is the rotation matrix from the global coordinates to the kth hinge coordinates, then the hinge stiffness matrix is expressed in global coordinates as follows:
͑4͒
If the initial direction of the link coordinates is the same as the global coordinates, the rotation angle by the hinge deformation is very small; thus, the rotation matrix of link i can be approximated as follows:
͑5͒ Figure 5 shows a local coordinate system of a link. The vector s k i ϭ͓x y z͔ T is the position vector of the connecting point p k i between link i and hinge k with respect to the link coordinate system.
The hinge deformation vector u k is derived using vector s k i and translation vector dr i and rotation vector ⌰ i ϭ͓ x i y i z i ͔ of ith link as follows:
where
Potential energy stored in the flexure hinge is derived using Eq. ͑6͒ as follows:
Ignoring the hinge mass, the kinetic energy of the link is obtained as follows:
where m i is link mass; I x i , I y i , and I z i are moments of inertia with respect to the link coordinates. In Eq. ͑8͒, the subscript i represents the ith link.
If we assign q i to the generalized coordinate, the equations of motion are derived from Lagrange equation as follows:
In this study, 14 links and 16 hinges are used and are numbered in Fig. 6 .
In Fig. 6 , the circle number means the number of hinges. The profiles of all hinges of bridge 1 and 2 are identical for simplicity.
Bridges 1 and 2 are designed to be fully symmetric to reduce thermal effect and parasitic motions. Table I shows the design parameters and the piezostack used.
III. ANALYSIS AND AN EXPERIMENT

A. Moving range
When voltage V is applied to a piezoactuator, the output force F and deformation ⌬ 0 is nonlinear due to hysteresis of the piezoelectric material; however, in this research, hyster- 
For Eq. ͑11͒, the piezoelectric constant C v , crosssectional area A p , piezostack length L p , and elastic modulus E p are defined in Table I .
In Fig. 6 , piezostacks are installed between link 4 and link 8, and regarded as one hinge, which has an elastic modulus of E p , and the output force of the piezostacks is assumed to be the external force applied to links 4 and 8 in the Y direction. Fixing link 14 to the ground, the displacement of link 11 in the Z direction is measured as an output displacement. Figure 7 shows the fabricated hinge mechanism for experiments.
The size of the whole actuator is 30ϫ30ϫ15 mm 3 and bridges 1 and 2 are made of an aluminum alloy, AL7075-T6. The bridge mechanism is machined by wire electrodischarge machining ͑W-EDM͒.
Generally, the thickness of a hinge and the displacement amplification ratio are inversely related. The minimum thickness of the hinge is limited to about 0.3 mm because the material is melted down during the W-EDM process when the thickness is smaller than 0.3 mm; thus, the thickness is set to be 0.3 mm.
Two commercial piezostacks ͑AE0505D16, Tokin͒ are installed between link 4 and link 8 using epoxy. A high voltage piezoamplifier ͑HA400, Eliezer͒ is used to supply high voltages above 100 V. A laser displacement meter ͑LC-2400A, Keyence͒ with a 20 nm resolution is used to measure output displacement. Figure 8 shows a finite element model designed by FEM software ͑STRA-D, Feasoft͒. In this model, links are meshed three-dimensionally and hinges are assumed to be beam elements. Figure 9 shows output displacement when input voltages are applied from 0 to 100 V. From the experiment results, we can see two curves because of the hysteresis of the piezostacks.
FEM analysis and the matrix model show similar results and the differences arise from the assumption that the links are rigid in the matrix model. The errors between the experimental and modeling results are about 10% of the whole moving range. These errors seem to be from the hysteresis of the piezoelectric stacks, machining errors, and installation errors of the bridges and piezostacks.
A simple amplification ratio calculated by geometrical structure is seven times in bridge 1 and 14 times in bridge 2; hence, the total amplification ratio should be about 98 times. However, Fig. 10 shows that the real amplification ratio is only about ten times.
This result is due to the hinge deformation in the parasitic direction and high mechanical impedance which varies with the square of the amplification ratio. In Fig. 10 , the Furukawa 4 model, which assumes the hinge mechanism as an equivalent rectilinear spring system, is compared with the matrix model, too. The Furukawa model shows an intermediate result between the matrix model and a simple amplification ratio because some parasitic deformations of the hinge are ignored.
B. Frequency response
The resonance frequency of the actuator is derived theoretically from eigenvalue analysis using mass matrix M and stiffness matrix K of Eq. ͑9͒. Figure 11 shows the frequency response of the actuator obtained by experiments using a dynamic analyzer ͑HP35670A, HP͒. In Fig. 11 , the results of the high frequency region are random because the output signal is extremely small when the operating frequency is over 3 kHz. The dotted vertical line indicates the theoretical resonance frequency. Figure 11 shows that the fundamental resonance frequency is about 190 Hz, which is very close to the theoretical fundamental resonance frequency of 199 Hz.
C. Relation between design parameters and performance of the actuator
Performance of the designed bridge mechanism can be changed very much by slight modification of design parameters. The performance of the actuator is analyzed using the matrix model, which is verified in Sec. III B with respect to variation of design parameters. In Fig. 6 , hinge thicknesses t 1 and t 2 and bridge heights h 1 and h 2 are defined as design parameters.
As a performance index of the piezoactuator, moving range, displacement accuracy, blocked force, resonance frequency, efficiency and linearity can be used. Blocked force is the force needed at the output port to make the output displacement zero when the maximum input voltage is applied to the piezostack. The efficiency of a displacement ampli- fier means the mathematical product of the output moving range ␦ max and the blocked force F blocked with respect to that of piezostacks used:
In the case of the piezoactuator, the accuracy is determined by the resolution of the sensor and noise of the electronic circuit, and the linearity of the actuator is dominated by the hysteretic characteristics of the piezoelectric materials. Therefore, in this research, we analyzed the performance of the actuator from the viewpoint of the moving range, blocked force, resonance frequency, and frequency with respect to the hinge thickness and bridge height. Figure 12 shows the analysis results when the hinge thickness changes from 0.1 to 1 mm. Figure 12͑a͒ is the output displacement when the input voltage is 100 V, the maximum input voltage of the piezoelectric element; thus, this value is the moving range of the developed actuator. From Fig. 12͑a͒ , the moving range is maximized when t 1 is 0.2 mm and t 2 is between 0.2 and 0.3 mm. Figure 12͑b͒ is the blocked force with respect to t 1 and t 2 . Figure 12͑b͒ shows that the blocked force tends to be directly proportional to t 1 and t 2 . Figure 12͑c͒ shows the efficiency of the hinge mechanism. Efficiency is maximized when t 1 is about 0.2 mm and t 2 is 0.8 mm. Figure 12͑d͒ is the resonance frequency of the actuator and it shows that the resonance frequency is directly proportional to hinge thickness. Figure 13 shows the performance of the actuator when t 1 and t 2 are fixed to 0.3 mm and the bridge height h 1 and h 2 are varied from 0.2 to 4 mm. Figure 13͑a͒ shows that the moving range is maximized when h 1 is 2-3 mm and h 2 is 0.2 mm and Figs. 13͑b͒ and 13͑c͒ show that blocked force and efficiency increase when h 1 increases and h 2 decreases. Figure 13͑d͒ shows that resonance frequency is not strongly related with bridge height.
From this analysis, we can conclude that the performance of the piezoactuator can be improved by optimization of the hinge parameters with respect to each application requirement.
IV. DISCUSSION
In this research, a three-dimensional bridge-type hinge mechanism is developed to amplify the displacement of a commercial piezostack. This mechanism consists of twobridge mechanisms, which are connected vertically in threedimensional space symmetrically. The symmetric structure reduces negative effects due to temperature changes. It has high amplification ratio in small size, so it is suitable to miniaturization and fast motion.
The matrix method is applied to the hinge mechanism because the simple lever rule, or geometrical amplification ratio, shows large error in a real system. To verify the matrix model, displacement and frequency experiments are performed. Experimental results show that the error between the matrix model and experiments is within 10%. From these results, hinge deformation in the parasitic direction should be considered to estimate the real amplification ratio of the bridge-type hinge mechanism.
Using the matrix model, the relationship between design parameters, such as hinge thickness and bridge height, and the performance of the piezoactuator, such as moving range, blocked force, efficiency and natural frequency, is analyzed. Analysis results show that amplification ratio can be up to 30 times in the size of 30ϫ30ϫ15 mm 3 with fundamental frequency of several hundred hertz.
The developed hinge mechanism can be applied to precision stages as a vertical actuator or optical equipment such as a mirror tilter.
